Flexible nanostructured and conducting metal-polymer films have been found promising applications in pharmaceuticals and flexible electronics. These could be used as anti-bacterial agent, bio-warfare treatment, or as sensors for environmental monitoring and protection. However, mechanical strength and metal-polymer adhesion are crucial issues for practical applications of such films. Another issue associated with synthesis of such polymers is the necessity of a simple, convenient and cost-effective method. This work focused on the above issues and reports the synthesis of nanostructured Ag-polymer films (brown, blue and golden colored) and conductive Au-Ag-polymer film with a good combination of flexibility, mechanical strength and metal-polymer adhesion. The films were synthesized by simple and cost-effective routes. Ag-polymer films were prepared by one-step method through studying the effect of metal concentration and curing process. Conductive film was obtained by gold plating on the selected Ag-polymer film. SEM and EDS clearly indicated the existence of metal particles on the metal-polymer films.
Introduction
Advanced technology desires miniaturization. New products seek more compact packing, savings in space, savings in weight, and cost savings in production. Flexible and conductive or conducting polymer film could support this demand by substituting the rigid electronic circuit. Metallization of polymers could be the way of making polymer film conductive. For practical applications, the flexible conductive film is expected to be mechanically strong enough with good metal-polymer adhesion. However, printing of electronic circuit on polymers for flexible electronics is a challenging attempt as there is no strong interaction between metal particles like Ag, Au, Ni and Cu with polymers [1] . Different practical issues such as diffusion, interfacial reactivity, weak metal-polymer adhesion, blistering /metalmetal complex in metal-metal interface, weak mechanical properties of resulting metal-polymer film hinder success of metallization of polymer film [2, 3] . Consequently, though metalized polymer films have been the interest of research for decades, and highly reflective or/and conductive flexible polymer films have been obtained via different multi-step or single-step synthesis methods [4] [5] [6] [7] [8] [9] [10] [11] , synthesis of flexible, electrically conductive polymer film with good mechanical strength, and metal-polymer adhesion by a simple and costeffective method has not been observed yet.
On the other hand, metal nanomaterials such as nanoparticles, nanotubes and nanofibers, show extraordinary electrical, optical, chemical and magnetic properties, different from the bulk [12] [13] [14] [15] [16] . To utilize the size and shape dependent brilliant properties, the nanomaterials need to be stabilized in the nanometer range. Thin polymer film is considered as a convenient matrix to use for this purpose [17] . Hence nanostructured metal-polymer films involving different metals such as Au, Cu and Ag have been the growing interest of research [18] [19] [20] [21] [22] [23] [24] . Amongst them silver nanowires-polymer have drawn a special attention due to their high mechanical flexibility and low sheet resistance [25] . Carbon based nanomaterial-polymer films have also been extensively studied since carbon nanomaterials also demonstrate some excellent mechanical and electrical properties [26] [27] [28] [29] . Nanostructured materials also have drawn a great deal of attention due to their potential for achieving specific processes and selectivity, especially in biological and pharmaceutical applications [30, 31] . Unfortunately, the fabrication processes of nanofibers or nanotubes are often costly and complicated. Among nanomaterials, silver nanoparticles have antibacterial or antibio-warfare activities [32] [33] [34] [35] , thus Ag nanoparticle-polymers have been an emerging field of research [36] [37] [38] [39] [40] . Flexibility of such polymer films can extend their application to a wider range [17] . However, a large scale production and commercialization of nanocomposites is still a key challenge because of lack of cost-effective, simple synthesis method [17] .
Hence, this study has been carried out for synthesis of: i) strong flexible Ag nanoparticle-polymer film with strong Agpolymer adhesion via a simple, convenient, cost-effective synthesis route and ii) conductive polymer film with a good combination of flexibility, mechanical strength and metalpolymer adhesion utilizing the simple method. Here, the strategy was to get flexible, strong, thermally stable Ag nanoparticle-polymer/Ag-polymer film with high load of Ag and good Ag-polymer adhesion by one-step synthesis method through studying the effect of Ag + concentration and different curing processes and perform electroless plating of Au on the selected strong flexible Ag-polymer film to obtain conductive Au-Ag-polymer film. For electroless plating, Au was chosen considering wide application of Au in printing electronic circuits [41] [42] [43] [44] . While most of the previous studies on Agpolymer or Au-polymer film focused on 'reflective and/or conductive' film or 'nanostructured' or 'flexible film', the focus of this study was on the factors: i) flexible and mechanically strong film; ii) good metal-polymer adhesion in the film; iii) a simple cost-effective synthesis method and iv) high load of metal particles in the nanostructured polymer film (for sensors or for anti-bacterial/anti-bio-warfare applications) or in the conductive polymer film (for flexible electronic) which, altogether are necessary for practical applications of such flexible films but has not been reported yet.
Experimental

Materials
3,3',4,4'-Benzophenone tetracarboxylic dianhydride (BTDA), 4,4'-oxydianiline (4,4' ODA) were used as carboxylic acid and amine, respectively, in this synthesis process. N,NDimethylacetamide (DMAc) was used as solvent. Silver(I) acetate was used as a source of silver. 1,1,1-Trifluoro-2,4-pentanedione (TFAH) was used to make a soluble Ag complex [6, 7] . For electroless plating of gold, gold (cyanide) solution was used. Borane dimethyl amine (DMAB) was used as a reducing agent in the plating bath. All the reagents were analytical grade and purchased from Sigma-Aldrich and were used as supplied. A Fisher Scientific isotemp programmable force-draft muffle furnace (Series 750, Model 126) was used for thermal curing.
Synthesis of polymer
For synthesis of polymer or polyimide (PI) different compositions of amine (BTDA), carboxylic acid (ODA), and solvent (DMAc) were used. It was found that optimum composition of the amine, carboxylic acid, and solvent is 0.2329 g of BTDA and 0.1425 g of ODA in 2.5 mL of DMAc. Initially, solid BTDA and ODA were mixed well, then DMAc was added with constant shaking of the mixture. The resulting yellow colored polyamic acid (PAA) solution was stirred for about two hours using a magnetic stirrer. PAA solution was then poured onto a petri dish to make a thin film. Stability of the petri dish was checked earlier in the furnace up to the highest experimental temperature 300 °C and appeared stable at this temperature range. The petri dish with the thin layer of PAA solution was immediately put in the furnace. After 15 minutes at room temperature in the oven the film was started to cure. Two different curing processes as process 1 and process 2 were used for curing the PI film. In process 1, the furnace temperature was increased from 25 to 75 °C with a rate of increase of temperature 2.5 °C per minute, kept at 75 °C for 60 minutes, then temperature was increased to 120 °C with a rate of increase of temperature 2.5 °C per minute, kept at that temperature for 5 minutes, and then increased temperature to 300 °C with a rate of increase of temperature 5 °C per minute. In process 2, the furnace temperature was programmed as in curing process 1, but the difference here is that instead of continuous heating in the furnace the petri dish with the film was taken out from the furnace after 5 minutes of reaching the temperature to 120 °C, the film was detached from the petri dish after cooling, then put back in the furnace when the temperature reached to about 180 °C, continued heating in the furnace as per programmed temperature. Process 1 and 2 can be expressed in Scheme 1.
Synthesis of Ag-polymer film
In Ag-PI synthesis, different amount of silver acetate in DMAc and TFAH were added to PAA solution to get 5, 10 and 20% silver in cured Ag-PI film. As silver acetate is insoluble in PAA solution, TFAH was used to make it soluble in the PAA solution [4] . The way of mixing of the components was found to be important in getting a good Ag-polymer film as was found in the case of synthesis of PI. To make the mixture of AgAc, DMAc and TFAH, initially DMAc was added to silver acetate, shook well, then TFAH was added drop by drop, after addition of each drop of TFAH shaking the mixture very well. The mixture was then added to the previously prepared PAA solution. Here, TFAH forming a AgTFA soluble complex favor the formation of Ag-polymer at a high temperature [6, 7] . For 5, 10 and 20% silver in the polymer film, 0.015, 0.03 and 0.06 g of silver acetate and 2, 4 and 8 drops of TFAH were used respectively in the Ag-PAA solutions.
After mixing and stirring for about 15 minutes at 25 °C and 15 minutes at 50 °C clear solutions were obtained for all the three different silver concentrations. A magnetic stirrer was used to stir the mixtures. The mixtures were then poured onto a petri dish and immediately put in the oven. After 15 minutes the mixtures were started to cure in the oven using curing process 1 and 2. Additionally three other curing processes as curing process 3, 4 and 5 were used in curing the Ag-PI film. The processes can be expressed in Scheme 2.
Percent silver was calculated roughly, assuming existence of only silver and polymer in the cured film. Schematic of AgPolymer film synthesis has been presented in Figure 1 .
Electroless Au plating on Ag-polymer film
Successful gold plating on flexible substrate is expected to provide flexible electronic circuit thus tested on polyimide by different methods as laser assisted deposition method [6] and electroless plating [45] after surface modification. However, the methods resulted in Au-PI film with weak Au-PI adhesion or/and weak polymer film. In this study Au was electrolessly plated on the synthesized Ag-polymer film. Plating condition was optimized for this purpose varying the amount of DMAB in gold (cyanide) solution and varying the temperature. 0.145 g of DMAB in 50 mL gold (cyanide) solution at 25 °C was found as optimum plating condition. For successful plating of Au on Ag-polymer film, the plating bath was set at 25 °C on a magnetic stirrer and a piece of Ag-polymer film was suspended into the gold solution. DMAB was then added slowly to the solution. The polymer film was taken out from the plating bath after two hours. Au plating was conducted two times on the same Ag-polymer film. Schematic of Au-Ag-polymer film synthesis has been presented in Figure 1 .
Film characterization
Selected metal-polymer films, which were found significant for practical applications in terms of mechanical strength, were characterized by Scanning Electron Microscopy (SEM) and Electron Dispersion Spectroscopy (EDS) to comprehend their surface morphology. SEM was recorded at 10,000 times and in some cases at 40,000 times magnification. Mechanical strength of the films was tested by measuring modulus of the films with a Dynamic Mechanical Analyzer (DMA Q-800). Prophilometer was used to measure the film thickness. Adhesion was tested by conventional method (ASTM) using an adhesive tape. Surface resistivity of the films was measured with a four point probe. Electrochemical characterization was performed by cyclic voltammetry. Photographs of selected films and their SEM and EDS images have been presented in Figures 2-12. 
Results and discussion
Synthesis of polymer film
In the curing process 1 and 2 strong flexible polymer film at 300 °C as shown in Figure 2 named as Film B was obtained. Modulus of the film was found to be around 2.58 GPa, which is near the modulus of most of the commercial polyimide films [46] . At high temperature 300 o C, carboxylic groups of PAA lose water and convert to imide group thereby form polyimide (PI) [7, 8, 47, 48] . Structure of polyimide obtained from polyamic acid [4] has been represented in Scheme 3 [7] .
Synthesis of silver-polymer films
At high temperature, during imidization of PAA to PI, it is expected that Ag + in PAA are simultaneously reduced to Ag, thereby form Ag-PI film [4, 7] . In this experiment it was experienced that in one-step method, brittleness of the metalized polymer film at 300 °C, was the major problem in obtaining Ag-polymer film mechanically strong enough for practical application, whereas the multi-step vapor deposition method and laser-assisted deposition method [5, 6] faced the problem of weak metal-polymer adhesion and/or brittleness of the metalized polymer films. In this study it was apparent that mechanical strength, color, conductivity and Ag-polymer adhesion of the film varied with variation of silver concentration and curing process. The experimental results at 300 °C for different silver concentrations and different curing processes have been listed in Table 1 .
For the same curing process, mechanical strength of the Agpolymer film appeared to decrease with the increase of Ag + concentration in PAA solution. For instance, curing process 4 produced strong Ag-polymer film (Film 4) for 5% silver, whereas it produced a very weak film (Film 14) for 20% silver. By curing process 5, silver colored Ag-polymer film with modulus of 1.85 GPa (Film 10) was obtained for low concentration as 10% silver at 300 °C; however, for the same experimental condition for 20% silver the film (Film 15) was degraded. A high concentration of Ag + might decreases the efficiency of imidization process at higher temperature. Consequently, the polymer film became brittle and degraded. In support of this explanation, it is seen that by examining the chemical states of selected elements in the synthesized Ag-PI film of 300 °C with X-ray Photoelectron Spectra (XPS), Rubira et al. [4] found two kinds of nitrogen species in the film. This is an indication of incomplete imidization. According to them the strong interaction between silver and carboxylic acid group probably leads to incomplete imidization.
Higher concentration of Ag-salt in PAA solution and higher rate of increase of temperature during curing process favored the formation of conductive Ag-polymer film. Flexible, weak, conductive Ag-polymer film with surface resistivity of 3.62 Ω/Sq (Film 14) was obtained for 20% silver by curing process 4. A possible explanation of this observation might be that conductivity of the film arose when there were sufficient amount of reduced Ag particles on the film surface.
It was found that in the same curing process, at 300 °C, color of the cured film was depended on the total silver concentration. In curing process 5 golden colored film as shown in Figure 3 (Film H) was obtained for 5% silver and silver colored film as shown in Figure 2 (Film S) was obtained for 10% silver. In curing process 4 blue colored film (Film L, Figure 3 ) was generated for 5% silver, whereas silver colored film (Film K) was generated for 10 % silver. Silver Degraded film NA NM 15 a Modulus was measured only for those films which were apparently significant for practical applications. b All strong films were flexible and qualitative idea on flexibility was obtained by bending the films as shown in Figure 2 In curing process 2, bright golden colored film (Film G, Figure 11 ) was obtained for 10 % silver whereas silver colored weak film (Film 12) was obtained for 20 % silver.
For the same concentration of Ag + in PAA solution, Agpolymer film appeared stronger for a lower rate of increase of temperature during the curing process. Flexible, strong, nonconductive, silver colored Ag-polymer film (Film S) with excellent Ag-polymer adhesion and modulus data 1.48 Gpa was obtained for 10% silver by slow curing process (process 5), whereas for the same silver concentration fast curing process (process 3) generated silver colored weak Ag-polymer film (Film 8).
Ag-polymer adhesion was found to be greatly affected by the rate of increase of temperature during curing process. While slow curing process (process 5) generated Ag-polymer film with excellent Ag-polymer adhesion for 10% silver (Film S, Figure 2 ), for the same Ag concentration fast curing process (process 3) generated Ag-polymer film with weak Ag-polymer adhesion (Film 8). Curing type, whether continuous or noncontinuous, was also found to be a factor in film strength or/and silver reduction in the polymer film. For instance, for 10% silver continuous heating (curing process 1) generated silver colored weak film (Film 6), whereas for the same silver concentration noncontinuous heating (curing process 2) generated bright golden colored strong film (Film G, Figure 11 ). For 5% silver it was found that continuous heating (curing process 1) generated weak golden colored film (Film 1) while noncontinuous heating (curing process 2) generated mechanically strong, brown colored film (Film 2). It has been the general observation that lower Ag + concentration in PAA solution, lower rate of increase of temperature during curing process (process 1, 2) and noncontinuous heating (process 2 and 4) favored the formation of strong nanostructured Ag-polymer film with strong Agpolymer adhesion, whereas higher Ag + concentration in PAA, continuous heating (curing process 1 and 3) and higher rate of increase of temperature (process 3 and 4) favored the formation of silver colored film or conductive Ag-polymer film but decreased mechanical strength of the polymer film.
Several other metal ions such as iron [49] , gold [50] and copper [51] had been studied with polyamic acid and found to be reduced to the metal particles in polyamic acid medium as a result of heating to high temperature. Since the beginning of this one-step synthesis method, Ag + reduction during curing process at high temperature had been termed as thermal reduction while imidization occurs at the same time. Regarding this, recently it was reported that the mechanism of silver reduction and factors affecting silver aggregation and migration remain unclear up to now [9] . According to Southward et al. [8] thermal curing of the Ag(I)-polyamic acid film affects the reduction of Ag(I) coupled with imidization of the polyamic acid.
In silver-PAA solution there are free carboxyl groups as well as carboxyl groups bonded with Ag + . Silver ions bonded to carboxyl group prevent imidization [4] ; thereby decrease the strength of cured Ag-polymer film. There is a possibility of oxidation of PAA to some extent by Ag + , depending on the Ag + concentration in PAA, which also affects the strength of cured Ag-polymer film. Ag + in PAA has a tendency to accept electron from nitrogen in PAA, which is accelerated with increase of temperature because of increase of rate of reaction.
Ag-polymer adhesion
Adhesion between Ag particles and polymer film was tested by boiling the film in water and using adhesive tapes. For some films Ag-polymer adhesion was weak. But for most of the films Ag-polymer adhesion was found excellent. For the films S, L, H, G, K there was no apparent loss of Ag particles from the film surface after boiling with water and apparently no adhesive tape removed any silver from the surface as per the ASTM adhesion testing protocol which indicated excellent Ag-polymer adhesion in those films. During curing the Ag-PAA film, while Ag + is reduced to Ag and PAA converts to PI, depending on the curing process and total silver concentration, Ag particles take place in between the polymer network i.e. Ag particles are interlocked [9] in between large polymer molecules and result polymer films with strong Ag-polymer adhesion. Figure 11 and film K (silver colored 10 % Ag-polymer film obtained by curing process 4) in Figure 9 show high load of Ag particles on the film surfaces. Intensity of Ag peak in EDS is related to the amount of reduced silver (from Ag + ) on the film surface. The more the reduced silver on the surface the higher the intensity of Ag peak. Comparing the EDS of the synthesized films it was found that at the same experimental condition, order of intensity of Ag peak of Film S (10% silver) is higher than of Film H (5% silver). For different colored films, in Figure  10 , it has been observed that the Ag peak intensity order is, silver color (Film K, Film S) > golden color (Film G, Film H) > blue color (Film L) > brown color (Film E). SEM images of the films also support this order.
SEM images and EDS spectra of the
Different colored surfaces of the Ag-polymer film might be related to the amount of reduced silver particles existing on the film surface as well as to the size of the particles on the surfaces as Ag particles, like other metal particles, show different colors depending on their size in the nanometer range [52] .
Au plated Ag-polymer film
For electroless plating of Ag-polymer film by Au, flexible, mechanically strong, Ag colored Ag-polymer film with high load of Ag on the surface and modulus of 1.48 GPa with excellent Agpolymer adhesion was selected (Film S). Thickness of this film was 80 μm. Electroless gold plating of this film gave bright golden colored conductive Au-Ag-polymer film described here as Film O. Surface resistivity for this film was found 2.6 Ω/Sq. Modulus of the Au plated Ag-polymer film was not changed significantly because of this electroless deposition whereas expensive laser assisted deposition was found to produce weak metal-polymer film [6] . The experimental results for synthesis of Film O have been listed in Table 2 . Conductive Au-Agpolymer film (Film N, Figure 12 ) with surface resistivity of 2 KΩ/Sq was obtained by electroless plating of gold on Film E (Ag-polymer film at 120 °C).
Adhesion in Au-Ag-polymer
Adhesion of Au with Ag-polymer film was tested by the same method as was used for Ag-polymer film. Adhesion was not strong enough in Film N. However, excellent adhesion of Au with Ag-polymer film was found in Film O. Here, Ag particles in the polymer network worked as active sites for deposition of gold as shown in Figure 13 which, might not be sufficient in Film E (from which Film N was obtained). Ag concentration (reduced silver) in this film was seen very low in EDS (Figure 7 ) of this film.
SEM and EDS of Au plated Ag-polymer film
Au-Ag-polymer films (Film N and Film O) were characterized by SEM and EDS. High load of Au has been observed in the SEM and EDS images of Film N ( Figure S2 , supporting information). SEM images of Film O in Figure 5 , at two different magnifications 10000 Χ and 40000 X, show the presence of metal particles on the Au-Ag-polymer film surface. In Figure 7 , EDS shows intense peak of Au and Ag for this film which proves the presence of high concentration of Au on this Au-Ag-polymer film surface indicating successful plating of gold on the mechanically strong flexible Ag-polymer film (Film S).
In all EDS spectra high C and O ratio was observed. Even in the conductive Au-Ag-polymer film, which seemed almost covered by Au and Ag, C ratio was seen much higher than of Au and Ag in the film (Film O). The high carbon ratio can only be explained if it is considered as a contribution from C used for coating the surface during EDS analysis.
Electroactivitity of Ag-polymer film
Electroactivity of nanostructured film synthesized at low temperature has been checked by cyclic voltammetry on a platinum electrode after depositing Ag-PAA solution (10% Ag) on the electrode and heating up to 120 °C. Potential range used for this purpose was 0-1500 mV with a scan rate of 50 mV/sec. Ag/AgCl electrode was used as reference electrode. Here initially voltammogram of PAA modified electrode, at the same temperature, has been recorded and then voltammogram of the Ag-PAA modified electrode has been observed. In Figure 14 , it is seen that the voltammogram of Ag-PAA modified platinum electrode in PBS buffer shows two oxidation peak at around 245 mV and 515 mV while PAA modified platinum electrode Here, x-axis indicate potential in mV and y-axis current in ampere (A). Potential range used was 0-1500 mV with a scan rate of 50 mV/sec. The voltammogram of Ag-PAA modified platinum electrode shows two oxidation peak at around 245 mV and 515 mV while PAA modified platinum electrode shows no significant peak.
shows no significant peak which confirm the electroactivity of the Ag-polymer film. Here, the calculated electrode potential for Ag oxidation should be near 500 mV. So sharp oxidation peak at 515 mV can be denoted for Ag oxidation in the Ag-polymer film on platinum electrode.
Conclusions
In conclusion, this work reports a simple and effective approach for synthesis of flexible, mechanically strong, nanostructured Ag-polymer film with high Ag load and excellent Ag-polymer adhesion. In addition, it illustrates a simple, cost-effective synthesis route for synthesis of flexible, mechanically strong, conducting Au-Ag-polymer film with excellent Au-Ag-polymer adhesion. In both cases optimum Ag + concentration and curing process were determined through studying the qualitative/quantitative effect of metal concentration and curing process on the cured films by a simple onestep method. Low concentration of silver salt and lower rate of increase of temperature during the curing process were found favorable for obtaining nanostructured, mechanically strong, different colored Ag-polymer film whereas high concentration of Ag + favored the formation of silver colored Ag-polymer film with high load of reduced silver. However, high Ag + concentration was found to weaken the mechanical strength of the cured polymer film. Doped Ag particles in the polymer network were utilized as active sites for Au electroless deposition on the strong, flexible Ag-polymer film to obtain conducting polymer film. Strong adhesion of Au with Ag-polymer was only achieved for high load of Ag in the polymer film. The nanostructured film, synthesized in this study, could be an important candidate in nanotechnology for bacterial or bio-warfare treatment. Electroactive nanostructured Ag-polymer film could be used for sensors in environmental monitoring for its protection. This technique for synthesis of conducting Au-Ag-polymer film could lead us to successful printing of electronic circuits on polymers for flexible electronics. Controlling size and concentration of different metal nanoparticles in flexible and mechanically strong polymer films and successful applications of the synthesized films will be investigated extensively in future research. In synthesis of noble nanostructured and conducting polymer films for practical applications, the research, discussed here, could find considerable importance in terms of cost, efficacy and simplicity.
